In plants, intercellular communication and exchange are highly dependent on cell wall bridging structures between adhering cells, so-called plasmodesmata (PD). In our previous genetic screen for PD-deficient Arabidopsis mutants, we described choline transporter-like 1 (CHER1) being important for PD genesis and maturation. Leaves of cher1 mutant plants have up to 10 times less PD, which do not develop to complex structures. Here we utilize the T-DNA insertion mutant cher1-4 and report a deep comparative proteomic workflow for the identification of cell-wall-embedded PD-associated proteins. Analyzing triplicates of cell-wall-enriched fractions in depth by fractionation and quantitative high-resolution mass spectrometry, we compared > 5000 proteins obtained from fully developed leaves. Comparative data analysis and subsequent filtering generated a list of 61 proteins being significantly more abundant in Col-0. This list was enriched for previously described PD-associated proteins. To validate PD association of so far uncharacterized proteins, subcellular localization analyses were carried out by confocal laser-scanning microscopy. This study confirmed the association of PD for three out of four selected candidates, indicating that the comparative approach indeed allowed identification of so far undescribed PD-associated proteins. Performing comparative cell wall proteomics of Nicotiana benthamiana tissue, we observed an increase in abundance of these three selected candidates during sink to source transition. Taken together, our comparative proteomic approach revealed a valuable data set of potential PD-associated proteins, which can be used as a resource to unravel the molecular composition of complex PD and to investigate their function in cell-to-cell communication.
INTRODUCTION
Plasmodesmata (PD) are specialized tubular structures bridging plasma membranes and the cell wall of neighboring cells (Brunkard and Zambryski, 2017) . The emerging cytoplasmic continuum allows bidirectional exchange of nutrients, RNA and signal molecules between connected cells, and builds the basis for a supracellular network (Lucas and Wolf, 1993; Lucas et al., 2013; Sevilem et al., 2015; Paultre et al., 2016; Saplaoura and Kragler, 2016; Kitagawa and Jackson, 2017) . As checkpoints for cell-to-cell communication, PD play a central role in coordinating plant growth and development (Benitez-Alfonso et al., called cytoplasmic sleeve, which can even be enlarged by so far uncharacterized spokes and enables the cytoplasmic continuum (Nicolas et al., 2017) . The size exclusion limits of PD can be modulated by, for example, callose deposition. This allows plants to adopt plasmodesmal flux to environmental and developmental needs (Lee and Lu, 2011; Zavaliev et al., 2011; Carella et al., 2015; Heinlein, 2015; Lee, 2015; Cui and Lee, 2016; Xu et al., 2017) . Despite this modulation, several studies have shown that proteins of up to 70 kDa can diffuse from cell-to-cell in an unspecific manner (Paultre et al., 2016) . During sink-to-source transition of leaves, plasmodesmal conductivity decreases, indicating that PD become differently modulated (Oparka et al., 1999) . At the microscopic level, in young leaves the majority of sink PD are characterized by their simple morphology. During maturation these simple PD turn into branched and complex structures with multiple openings (Faulkner et al., 2008; Fitzgibbon et al., 2013) . As a consequence of leaf maturation and continuous PD remodeling, most PD in source leaves become branched and allow controlled exchange of assimilates and signal molecules (Burch-Smith and Zambryski, 2010) .
To unravel the composition of PD, reverse-and forward genetic, immunological and protein biochemical approaches have been followed Brunkard et al., 2014; Grison et al., 2014; Sevilem et al., 2015) .
In an elegant screen, Escobar et al. (2003) expressed unbiased cDNA-library fused to green fluorescent protein (GFP) in leaves of Nicotiana benthamiana via a TMV-based vector. Subsequently, localization of GFP-fusion proteins was analyzed in > 20 000 infection foci by confocal laserscanning microscopy (CLSM). Based on this screen, 12 fusion proteins localized at PD. Unfortunately, PD localization could not be confirmed for any of the corresponding full-length cDNAs.
Using forward genetic screens, the group of Patricia Zambryski screened for embryo lethal mutants. This screen resulted in the identification of two mutants, increased size exclusion limit (ise) 1 and 2 (Kobayashi et al., 2007; Stonebloom et al., 2009) . ISE genes encode for two helicases that do not localize at PD. However, the mutants are impaired in maturation from simple to complex PD during embryogenesis (Burch-Smith and Zambryski, 2010) . Further analysis of these mutants revealed that they are impaired in cellular redox homeostasis, which turned out to be involved in the regulation of PD function (Stonebloom et al., 2012) .
Another screen made use of companion cell-specific expression of GFP . In these plants, GFP diffuses to cells that are symplasmically connected to companion cells. In roots this results in the diffusion of GFP from the vascular to the surrounding tissue. To search for PD mutants, GFP unloading was analyzed in EMS mutagenized GFP-expressing plants. This screening resulted in the identification of gfp-arrested trafficking 1 (gat1), which showed a reduced GFP unloading in roots (Benitez-Alfonso et al., 2009) . GAT1 encodes for a plastidal thioredoxin gene (TRX-m3), and its ectopic expression increased the GFP diffusion through PD. In a similar screen, the group of Yrj€ o Helariutta identified the choline transporter-like 1 (CHER1), required for long-distance transport (Dettmer et al., 2014) . CHER1 localizes to the trans-Golgi network and to the phragmoplast during cytokinesis. Sieve pores are specialized PD, and mutations in CHER1 caused reduced pore density and altered pore structure in sieve areas.
Attempts to identify PD-associated proteins by immunological methods revealed evidence for connexin-like proteins in plants (Meiners and Schindler, 1987; Yahalom et al., 1991) and demonstrated a strong association of cytoskeleton compounds with PD (White et al., 1994; Blackman and Overall, 1998; Radford and White, 1998; Reichelt et al., 1999) .
As a more generic strategy, proteomic analysis of subcellular fractions successfully identified important PD-associated proteins, reviewed by Salmon and Bayer (2012) . The biophysical properties of PD being firmly anchored in the cell wall, regardless of extensive plasmolysis and mechanical disruption upon freezing, built the basis of early enrichment strategies for PD-associated proteins (Monzer and Kloth, 1991; Tilney et al., 1991; Kotlizky et al., 1992; Turner et al., 1994) . A hereby enriched 41-kDa maize protein indeed immunolocalized at PD (Epel et al., 1996) . Further characterization defined this protein as reversibly glycosylated polypeptide 2, and expression of its Arabidopsis homolog as GFP fusion localized the fusion protein at PD (Sagi et al., 2005) . Differentiated plant tissue consists of various cell types. Some of these cell types are more resistant to mechanical disruption. Remaining intact cells of heterogeneous plant material can therefore lead to significant contaminations of purified cell wall preparations (Bayer et al., 2004) . To circumvent this, several researchers used homogenous plant cell cultures and successfully identified several PD-associated proteins, for example from the PD-located protein family (PDLP; Bayer et al., 2006; Thomas et al., 2008) , the PD callose-binding family (Simpson et al., 2009) , the receptor-like kinase superfamily (Jo et al., 2011) or the germin-like protein family (Ham et al., 2012) . The treatment of purified cell wall with cellulase releases embedded PD membranes (Epel et al., 1995) , and combined with cell wall preparations from Arabidopsis suspension cultures led to the 'Arabidopsis plasmodesmal proteome' (Fernandez-Calvino et al., 2011) with 1341 entries. This valuable data set contains a number of PDproteins, but not all proteins correspond to verified PDassociated proteins. The use of Arabidopsis suspension culture with subsequent cell wall purification and cellulase treatment is today the standard procedure to obtain primary PD membrane material (Grison et al., 2015; . Because suspension culture cells are devoid of complex PD, these structures cannot be studied in cell culture systems (Bayer et al., 2004) . To overcome the limitations of the Arabidopsis cell culture system, the algae Chara coralline was proposed as a potential alternative (Blackman and Overall, 1998) . Its special morphology allows the preparation of cell wall containing PD (nodal areas) and cell wall lacking PD (internodal areas) for comparative analysis (Blackman and Overall, 1998) . Using this system, differentially expressed proteins could be monitored by 2D gel-electrophorese. However, no novel PDassociated protein could be identified, probably due to the lack of sequence information and sufficient similarity between algae and land plant PD-proteins (Faulkner et al., 2005) . PD of land plants and algae evolved independently (Brunkard and Zambryski, 2017) , which makes the comparison between C. coralline and Arabidopsis, tobacco or rice difficult.
Here we report a comparative proteomic approach using Arabidopsis leaves to identify components of complex PD. Our approach was based on the Arabidopsis mutant cher1-4, which is characterized by a 10-fold reduction in PD number and a lack of complex PD structures in fully expanded leaves (Kraner et al., 2017) . By identifying proteins highly enriched in Col-0 wild-type extracts, we were able to identify a number of already described PD-proteins. In addition, several uncharacterized proteins were also enriched in wild-type extracts. These proteins are promising candidates for PD components that could be verified for selected candidates by CLSM. Analysis of all candidates will allow a better understanding of the molecular composition of complex PD as a first attempt to unravel their function.
RESULTS

Subcellular enrichment and proteomic workflow
The physical properties of PD in their surrounding cell wall as well as their reduced number in the cher1-4 mutant line enabled us to develop a deep proteomic comparative workflow to get insights into the composition of PD in fully developed Arabidopsis leaves (Figure 1) . Building on the tight cell wall association of PD and their mild detergent resistance (Tilney et al., 1991; Link et al., 2011) , we started with three individual batches of fully developed leaves of wild-type Col-0 and cher1-4. The leaf material was ground in liquid nitrogen (N 2 ) and washed with mild detergent by repetitive low-speed density centrifugation. Retracted PDassociated proteins in the cell-wall-enriched fraction were extracted using high concentrations of ionic detergent [2% sodium dodecyl sulfate (SDS)] and chaotropic salt (8 M urea), while ensuring reduction and alkylation of containing cysteines with its respective reagents. For subsequent peptidase digestion, proteins were precipitated in 80% acetone at À20°C overnight. The air-dried protein pellets were stepwise digested by the endopeptidase Lys-C and trypsin in order to facilitate a good peptide coverage (Glatter et al., 2012) . The obtained tryptic peptides of all six samples were desalted on C18 spin columns and subsequently labeled with TMT 6-plex label reagents (Thermo Fisher Scientific) to assign samples for later comparative analysis. The quenched samples were combined and prefractionated by high pH-reverse phase ultra-performance liquid chromatography (UPLC) to prepare deep proteomic analysis. The peptide mixture was separated on an 85-min high-pH acetonitrile (ACN) gradient, and in total 81 9 1-min fractions were collected. These fractions were pooled to 27 samples in the formula (1 + 28 + 55, 2 + 29 + 56, . . .) for identification with liquid chromatography-mass spectroscopy (LC-MS)/MS, while corresponding TMT reporter ions were quantified in MS 3 . Using the TAIR (The Arabidopsis Information Resource) protein database with 35 386 entries, a total of 5258 protein groups were identified with a respective false discovery rate (FDR) of 1% and quantified in the three respective replicates of Col-0 and cher1-4 samples (Table S1 ) using PEAKS Studio 8.0 (Zhang et al., 2012) . The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Vizca ıno et al., 2015) partner repository with the data set identifiers PXD006880 and https:// doi.org/10.6019/PXD006880.
Plasmodesmal proteins are depleted in cher1-4 cell wall fraction
For quality control, we correlated protein abundance across the whole dynamic range of the quantified proteins in the three Col-0 replicates ( Figure S1a ). The mean R 2 correlation value between all three individual replicates was excellent at 0.979 ( Figure S1b) , being within the range of 0.974-0.987. In all Col-0 replicates we identified 5252 protein groups: out of these four could only be detected in two, and five in only one sample, indicating high qualitative reproducibility of 99.8% being detected in all three replicates throughout a wide dynamic range of measured protein intensities ( Figure S1c ). This small quantitative variability within the replicates allowed the direct comparison of cher1-4 and Col-0 cell wall fractions. Using few well-characterized PD-proteins from the PDLP family (Thomas et al., 2008) and the PD localizing beta-1,3-glucanase AtBG_ppap (Levy et al., 2007a) as internal markers, we detected at least a twofold depletion of these proteins in cher1-4 cell walls, compared with the Col-0 control. In contrast to this, the intensity of most cell wall proteins remained unaltered in cher1-4 cell walls (Figure 2a) . Regarding this, we searched for other proteins fulfilling the criteria based on the characteristics of the marker proteins, being at least twofold more abundant in Figure S2 ). These stringent thresholds were fulfilled by only 108 protein groups. Amongst those a number of chloroplast proteins could be identified. During cell wall preparation we could notice less chlorophyll contamination in cher1-4 fractions, presumably resulting in a lower contamination of cell wall fractions with chloroplast proteins. Therefore, we filtered potential candidates further by neglecting plastidic proteins by GO term analysis to narrow down the list to finally 61 potential PD candidates sorted by cher1-4/Col-0 ratio ( Figure 3 ). To determine the effect of all successive enrichment and filtering steps, we analysed the final 61 PD-candidates by GO term enrichment based on the PANTHER classification system (http://pantherdb.org; Mi et al., 2013) . With the default set of P < 0.05, only PD as GO cellular component was highly significantly enriched (P = 2.83E-07), including 14 previously assigned PD-proteins resulting in 8.6-fold enrichment compared with the reference (Figure 2b ). Subsequent GO term analysis for specific molecular function as well as biological processes gave no significant enrichment in any other aspect. These findings suggest that among the 61 listed candidates, plasmodesmal proteins are highly overrepresented.
High abundant proteins in cher1-4 cell wall fraction
To further exploit this deep proteomic comparative data set, we took a closer look at proteins enriched in the cher1-4 cell wall fraction. Interestingly, many proteins were more abundant in the cher1-4 cell wall fraction, we therefore concentrated on the most significantly enriched proteins with the maximal value of 200 ( Figure S2 ; Table S2 ). Among these 16 analyzed proteins, two were main starch metabolism enzymes, the granule-bound starch synthase 1 and starch synthase 2, which is consistent with the starch excess phenotype of cher1-4 mutants (Kraner et al., 2017) . Also overrepresented are two peroxidases and several proteins with RNA-binding characteristics. Most astonishing, however, was the clustering of proteins described as components of ER-bodies. These subcellular structures are absent in fully developed wild-type leaves, but are formed upon wounding (Yamada et al., 2011) .
Subcellular validation of potential PD candidates
To verify PD localization of the proteins enriched in Co-0 (Figure 3) , we analyzed selected candidates by CLSM. Because we are most interested in potential structural components of PD, we screened the list of candidates for proteins with transmembrane domains, coiled coil domains or unique peptide features. The selected candidates, marked with asterisks in Figure 3 , were fused to a fluorophore and transiently expressed in N. benthamiana. Two days after infiltration fusion protein localization was detected, while callose of plasmodesmal neck region was co-stained with aniline blue fluorochrome. The first two candidates At1G22610 and At1g51570 belong to the C2 calcium/lipid-binding plant phosphoribosyl transferase family. At1G22610 has an average mass of 118 kDa (here after C2_118) and contains four putative Ca 2+ -dependent C2 lipid-binding domains. In contrast At1G51570, with an average mass of 89 kDa (here after C2_89), only consists of three consecutive C2 lipid-binding domains. Both proteins have two putative transmembrane helices in the phosphoribosyl transferase domain at their respective C-terminus and share sequence identity of 66.71% in a multiple sequence alignment using Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/).
To avoid sterical hindrance of the transmembrane domain, both proteins were fused to GFP at their respective N-terminus. CLSM localization studies revealed a punctuated pattern along the cell wall of two adhering cells for both fusion proteins (Figure 4a,d ). Corresponding callose staining at the plasmodesmal neck region suggests an accumulation of the proteins at PD (Figure 4b ,c,e,f). Another promising candidate was PELPK1 (At5G09530), which harbors 36 repeats of a unique pentapeptide sequence. Interestingly, the protein is known to be involved in growth and development (Rashid and Deyholos, 2011) . Nevertheless, in transient expression studies this protein did not show a punctuate-like pattern along the cell wall and hence does not localize to PD ( Figure S3 ). The protein detected with the highest significance value in Figure 3 was the maternal effect embryo arrest protein (MEE9) At1G60870. This protein with an average mass of 17 kDa contains two coiled coil domains and is described to be essential for embryo development, and mutation in this gene leads to one-cell zygotic stage arrest (Pagnussat et al., 2005) . Because we did not exclude an apoplasmic localization in the first place, we choose tagRFP as fluorophore for C-terminal fusion because of its reported functionality under a wide pH range (Shcherbo et al., 2009) . After 2 days of expression, we could detect the characteristic punctate pattern along adhering cell walls similar to the observed PD callose stain, indicating that MEE9 accumulates at plasmodesmal structures (Figure 4g-i) . Because cher1-4 cannot form complex PD and MEE9 is highly depleted in cher1-4 compared with Col-0, we wanted to investigate MEE9 localization in sink and source tissues. Therefore, we localized MEE9, driven by its native promoter (MEE9:MEE9-GFP), in stable transformed Col-0 plants. We considered a rosette leaf of approx. 1.5 mm as sink and a fully developed leaf as source. In source leaves, MEE9-GFP nicely appears in a punctuated pattern along the cell walls ( Figure S4 ). In contrast, localization of MEE9-GFP at PD of sink leaves was almost impossible. Only in very few cells was a GFP signal at PD detectable ( Figure S4 ).
Quantification of potential PD candidates in N. benthamiana sink and source cell wall preparations
Inspired by the fact that MEE9:MEE9-GFP signal accumulates at PD during development, we analyzed MEE9 abundance in cell walls of sink and source leaves. Because isolation of cell-wall-embedded PD from Arabidopsis thaliana sink leaves is notoriously difficult, we screened the N. benthamiana database (solgenimcs.net) for a MEE9 homolog, and found a protein with 58% sequence identity and very similar topology. Following the classification of Oparka et al. (1999) , we prepared cell-wall-enriched fractions from the basal (sink) part of young growing leaves (< 2.0 cm length) and source tissue of fully developed leaves (> 10 cm length) for proteomic comparison. After harvesting 250 mg of leaf material in three biological replicates, we enriched the cell-wall-embedded PD-proteins as previously described for cher1-4 and Col-0 leaf tissue. Following the tryptic digest of solubilized proteins, peptide mixture of all three biological replicates of sink and source cell wall proteins was analyzed individually by LC-MS/MS. Using label-free quantification, in total 3405 N. benthamiana proteins were analyzed. Among these, N.b.MEE9 was identified and displayed a significant ninefold enrichment in source compared with sink leaves (Table 1) . Consequently, we searched for other PD candidate homologs in N. benthamiana and their relative abundance ratio between sink and source leaves. Homologs of the C2 family proteins as well as PDLP family proteins were threefourfold enriched in source cell walls, though did not reach the significant threshold of P < 0.05. It was noteworthy that not all PD-associated proteins were more abundant in source cell walls, as indicated by the N. benthamiana homolog of the beta-1,3-glucanase AtBG_ppap (Table 1) . Proteomic data of all other identified proteins of the sink and source cell wall comparison have been deposited to the ProteomeXchange Consortium via the PRIDE (Vizca ıno et al., 2015) partner repository with the data set identifiers PXD007282 and https://doi.org/10.6019/PXD007282.
DISCUSSION
In a previous study we described cher1-4 as Arabidopsis mutant with strongly decreased PD numbers in fully developed leaves (Kraner et al., 2017) . This mutant was also described to be impaired in sieve pore and root development (Dettmer et al., 2014) . Here, we exploit this PD deficiency of cher1-4 mutants in a deep comparative proteomic analysis. Prefractionation and multiplexing allowed us to detect > 5000 proteins. This deep protein identification enabled us to identify low abundant proteins as potential PD candidates. As a first step, we checked for the distribution of previously described PD-proteins. This analysis revealed a more than twofold enrichment of two PD-marker proteins from the PDLP family (Thomas et al., 2008) and the PD-localizing beta-1,3-glucanase AtBG_ppap. Based on this observation, we set the threshold for potential PD-proteins being at least twofold more abundant in Col-0 cell wall fractions, as compared with cher1-4. In addition, proteins clearly associated with chloroplasts were eliminated from the list of PD candidates. This resulted in a final list of 61 potential PD candidates containing 17 previously described PD-associated proteins. Going through the list of candidates, it is remarkable that for some protein families several members are present, as is the case for the PDLP family. Likewise, four members of the late embryogenesis abundant glycoprotein family (At3G11660, At2G35960, At1G70280, At3G52470) could be identified. Some family members are responsive to stress (Bao et al., 2016) and were previously detected in the PD proteome (Fernandez-Calvino et al., 2011) .
Besides the PD-associated beta-1,3-glucanase AtBG_ppap, known to be involved in PD regulation (Levy et al., 2007a,b) , another beta-1,3-glucanase (At5G15870) appeared in our candidate list while its influence on PD function is unknown so far. Other proteins previously listed in the PD proteome (Fernandez-Calvino et al., 2011) belong to the heavy metal transport superfamily (At4G16380, At2G36950), the xanthine/ uracil permease family (At5G62890, At5G49990), or belong to the early-responsive to dehydration stress proteins (At1G32090, At2G17840, At1G20459).
In 2012, the group of William Lucas identified a plasmodesmal germin-like protein (PDGLP) by affinity purification of Nicotiana benthamiana homologs of the respective Arabidopsis thaliana PD-candidate proteins were label-free quantified in cell wall preparations from sink and source leaves. The corresponding sequence identity is displayed as a percentage. Close homologs based on amino acid identity were for MEE9 (Niben101Scf05732g04008.1), C2-118 (Niben101Scf03350g06021.1), C2-89 (Niben101Scf04740g00005.1), the beta-1,3-glucanase AtBG_ppap (Niben101Scf04170g00006.1) and PDPL2 (Niben101Scf02939g02005.1). Based on their intensity values, a source to sink ratio was calculated. Analyzing three biological replicates, the P-value was calculated to display significant differences between sink and source samples. Asterisk highlighting the protein with a significance value P < 0.05 (n = 3) between sink and source cell wall.
© cell-wall-enriched protein preparations of Nicotiana tabacum, using a non-cell-autonomous protein as a bait (Ham et al., 2012) . Two putative Arabidopsis orthologs, PDGLP1 and PDGLP2, could be localized to PD. In Figure 3 we also report a protein of the germin-like family (At3G05950), which shows sequence similarity with the described PDGLPs by phylogenetic analysis by Ham et al. (2012) . The PD traversing desmotubule derives from the ER membrane, and specialized proteins are required for its extreme curvature. Two of these ER-tubulating proteins are the reticulons RTNLB3 and RTNLB6, which are recruited to the cell plate where primary PD are formed and colocalize with the viral movement protein of Tobacco mosaic virus as PD marker Kriechbaumer et al., 2015) . In this study, we identified RTNLB5 as a potential PD-associated protein, which could have an additional impact on PD morphology and function similar to its related family members.
Though not in our direct focus of interest, we used the deep proteomic data set to have a closer look at the most significant cher1-4-enriched proteins. As expected we could detect an increased level of starch metabolic enzymes (AT1G32900, AT3G01180) because cher1-4 characterized by a starch excess phenotype (Kraner et al., 2017) . Interestingly, we also detected two peroxidase family proteins (AT3G21770, AT4G36430); one was previously detected in the 'Arabidopsis PD proteome ' (Fernandez-Calvino et al., 2011) . By producing hydroxyl radicals, peroxidases may be involved in changing PD morphology and the formation of secondary PD (Ehlers and van Bel, 2010) . Indeed the cell wall surrounding the simple structured PD in the cher1 mutants seemed to be swollen (Kraner et al., 2017) , which might point to massive cell wall perturbations. We additionally detected an accumulation of proteins involved in mRNA binding (AT4G39260, AT2G21660, AT1G13020, AT4G17520, AT3G53460), and even more surprising we detected major components of ER-bodies in the cher1-4 fraction like PYK10 (AT3G09260; Yamada et al., 2009; Nakano et al., 2017) or members of the mannosebinding lectin superfamily (AT2G39330, AT3G16460, AT3G16470; Nagano et al., 2008) . The strong reduction in PD number and the occurrence of ER-bodies in cher1 mutant leaves may point to a so far unknown correlation of both subcellular structures.
As a first validation of the 61 Col-0-enriched proteins, we selected candidates with unique peptide features (PELPK1, AT5G09530), transmembrane domains (C2_118, AT1G22610 and C2_89, AT1G51570) or coiled coil domains (MEE9, AT1G60870), and analyzed their subcellular distribution by transient expression of GFP or RFP fusion proteins in N. benthamiana leaves followed by CLSM analysis.
In the case of the two C2 calcium/lipid-binding plant phosphoribosyl transferase family proteins GFP-C2_89 and GFP-C2_118, we could clearly detect a punctate pattern along adhering cells. Co-staining with aniline blue suggests that both fusion proteins are targeted to PD. Performing a BLAST search analysis (https://blast.ncbi.nlm. nih.gov/Blast.cgi?PAGE=Proteins; Altschul et al., 1990 ) with C2_118, we found sequence similarities to QUIRKY. This protein also consists of transmembrane helices and four C2 domains at its C-terminus. Together with the receptor kinase STRUBBELLIG, QUIRKY is involved in non-cellautonomous signaling at PD (Vaddepalli et al., 2014) . QUIRKY shares 46% sequence identity with C2_118 according to a multiple sequence alignment using Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). Searching for proteins containing three C2 domains with sequence similarities for C2_89, we found the FT-interacting protein 1 (FTIP1, At5G06850), which was also among our listed potential PD candidates. FTIP1 is expressed in the vascular tissue and partially localizes to PD where it is required for flowering time (FT) export from companion cells to sieve elements (Liu et al., 2012) . In a multiple sequence alignment using Clustal Omega (http://www.ebi.ac.uk/Tools/ msa/clustalo/), C2_89 and FTIP1 share 68% sequence identity. Based on the sequence similarity, a related function for C2_89 and C2_118 could be addressed in further studies. Members of the Arabidopsis synaptotagmin (Syt) family share little sequence identity with C2_89 and C2_118, but have similar topology domains including Ca 2+ -binding C2 domains and transmembrane helices (Craxton, 2004) . The best studied family member SytA is involved in tethering of ER-PM membrane contact sites (Sancho et al., 2015) , and is recruited to PD upon viral infection (Levy et al., 2015) . The role of Ca 2+ -regulated C2 domain containing proteins in tethering ER and PM at membrane contact sites of PD was discussed by Tilsner et al. (2016) . Future analysis of PD-associated C2-containing proteins may lead to better understanding of their multifarious regulatory function at PD. From Figure 3 , the most significantly enriched protein in Col-0 cell wall fractions was MEE9. MEE9 knockout plants have an embryo lethal phenotype and stay arrested at the one-cell zygotic stage (Pagnussat et al., 2005) . The protein does not harbor transmembrane domains or a GPI-anchor but two coiled coil domains in the central region. The subcellular localization of MEE9 was previously unknown. To get a hint for the putative molecular function, we performed a BLAST search analysis with MEE9. Interestingly we could not detect any similar protein based on amino acid sequence in A. thaliana; hence, Mee9 is not a member of a gene family but is encoded by a single gene. Searching for orthologs sequences using HMMR (https://www.ebi.ac.uk/Tools/hm mer/; Finn et al., 2015) , we revealed a strong conservation of MEE9 among the group of dicotyledonous. The only conserved domains in MEE9 are the two coiled coil motives. In other proteins coiled coil domains are essential for multimerization, interaction and structure formation (Mason and Arndt, 2004; Woolfson, 2005; Olia et al., 2011) . Because cher1-4 mutant plants have less PD and cannot form branched structures and MEE9 is highly depleted, we wanted to investigate whether MEE9 accumulates during the sink to source transition. Expression analysis of MEE9-GFP under its native promoter displayed an increase in protein abundance during leaf development. The sequence conservation of MEE9 enabled us to identify the N. benthamiana homolog. Using sink and source leaf cellwall-enriched protein fractions followed by label-free quantitative proteomics allowed us to determine the accumulation of Mee9 in sink and source leaves. The results confirmed the expression analysis of Mee9-GFP in Arabidopsis plants, and suggest an accumulation of Mee9 during PD development. Taking the different features of MEE9 together, it is likely that this protein fulfills an important function at PD during plant development. In summary, by exploiting the reduced number of PD in cher1-4 mutants in a comparative proteomic approach, we generated a deep proteomic data set that we believe is most valuable for further studies of complex PD in fully developed leaf.
EXPERIMENTAL PROCEDURES Plant material and cultivation
Seeds of A. thaliana cultivar Col-0 and the homozygous T-DNA insertion line cher1-4 (SALK_065853C), obtained from Nottingham Arabidopsis Stock Centre, were sown on soil. After stratification at 4°C in the dark for 2 days to synchronize germination, plants were transferred to short-day conditions (8 h light at 22°C and 16 h dark at 19°C) and cultivated for 12 weeks before harvesting. After the dark period, rosette leaves were cut, major veins were discarded and leaf material was collected for 1-g portions and frozen in liquid N 2 . For transient expression, N. benthamiana plants were grown on soil in a greenhouse with 16 h light at 25°C and 8 h dark at 21°C.
Cell wall enrichment and protein enrichment
For proteomic comparison, 1 g each of three biological replicates of independent Col-0 and cher1-4 plants was taken and finely ground in liquid N 2 . Samples were taken up in 5 ml homogenization buffer [100 mM Tris-HCl pH 8.0, 150 mM NaCl, 10 mM EDTA, 1 mM dithiothreitol, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 10% glycerol, complete protease inhibitor (Roche)] and incubated for 20 min on ice. The lysate was low-speed centrifuged for 10 min at 1000 g at 4°C in order to separate solubilized protein from PD-containing cell wall. To further reduce the soluble protein contamination, four additional washing steps of the cell wall pellet with 10 ml ice-cold washing buffer (50 mM Tris pH 8.0, 150 mM NaCl, 10% glycerol, 0.1% Triton X-100) and centrifugation for 10 min at 1000 g at 4°C were performed. After one last washing step with 10 ml ice-cold MilliQ water, the cell wall fractions containing proteins were solubilized, reduced and alkylated in 800 ll of solubilization buffer [8 M urea, 2% SDS, 50 mM triethylammonium bicarbonate (TEAB) pH 8.5, 10 mM Tris (2-carboxyethyl) phosphine hydrochloride, 20 mM chloroacetamide] while constantly shaking at 300 rpm at 37°C in the dark for 3 h. A highspeed centrifugation step with 15 000 g at room temperature (RT) for 30 min separated solubilized proteins from remaining cell wall material, and an aliquot of 400 ll protein solution was further used for protein precipitation in 80% acetone at À20°C overnight. The next day, proteins were pelleted at 15 000 g at 4°C for 20 min and twice washed with 500 ll ice-cold 80% acetone.
Protein digestion and TMT 6-plex labeling
Protein pellets of approximately 100 lg were air-dried for 10 min, and rehydrated and partially digested in 100 ll digest buffer I [6 M urea, 50 mM TEAB pH 8.5 and 1 lg Lys-C (WAKO)] for 3 h. Subsequently, peptide solution was diluted to 600 ll digest buffer II [1 M urea, 50 mM TEAB pH 8.5, 1 lg Lys-C and 2 lg Trypsin (Promega)] and digested overnight at 37°C. The resulting peptides were acidified to 0.5% trifluoroacetic acid (TFA) and desalted on C18 solidphase stage tips (Thermo Fisher Scientific). Therefore, C18 tips were activated with 100% ACN followed by an equilibration with 1% ACN, 0.1% TFA before samples were loaded, washed with 1% ACN and finally eluted in 70% ACN. Peptide solution was then concentrated in vacuum centrifugation to nearly complete dryness before being resuspended in 100 ll 100 mM TEAB pH 8.5. Meanwhile, TMT tags were equilibrated in 40 ll ACN to RT until the 100 ll peptide solution was added to the respective TMT vials where the labeling reaction was taking place for 3 h at RT. The labeling was quenched by addition of 8 ll 5% hydroxylamine solution for 10 min until TMT-labeled peptides of all six channels were combined and vacuum concentrated until dryness.
Basic reverse-phase fractionation
TMT-labeled peptides were resuspended in high-pH buffer A (2% ACN and 10 mM ammonium hydroxide) and solubilized for 15 min in an ultrasonic bath. Peptide mixture of approximately 120 lg was loaded on Hypersil Gold C18 1.9 lm 2.1 mm 9 150 mm UPLC column (Thermo Fisher Scientific) with a flow rate of 100 ll min
À1
on an Ultimate 3000 high-performance liquid chromatography (HPLC; Dionex, Sunnyvale, CA, USA). Separation occurred on a linear gradient of 4-4 8% ACN with 10 mM ammonium hydroxide over 115 min followed by 80% ACN 10 mM ammonium hydroxide elution as suggested by Batth et al. (2014) . In total 81 fractions in 90-s intervals were collected by a fraction collector. Three fractions in the formula (1 + 28 + 55, 2 + 29 + 56, . . .) were pooled, resulting in 27 high-pH peptide pools. Each pool was vacuum-concentrated until dryness and resuspended in 15 ll of 10% formic acid. For subsequent LC-MS, 10 ll (approximately 3 lg) for each of the 27 pools was injected.
LC
All samples were analyzed on an Orbitrap Fusion (Thermo Fisher Scientific) coupled with a Nano flow Ultimate 3000 HPLC (Dionex, Sunnyvale, CA, USA). Peptides were separated on an EASY-Spray column (Thermo Fisher Scientific; C18 with 2 lm particle size, 50 cm 9 75 lm) with a flow rate of 200 nl min
À1
. Peptides were loaded with 1% ACN and 0.1% formic acid on a C18 trap column (Thermo Fisher Scientific) while separation occurred on the EASYSpray column at 45°C by a linear gradient of buffer A (0.1% formic acid), while increasing buffer B (0.1% formic acid in ACN) starting from 8% to 38% buffer B in 120 min followed by a quick ramp to 95% buffer B before decreasing back to 8% buffer B for equilibration.
MS³ analysis
The voltage for electrospray ionization was 2.0 kV and capillary temperature was set to 275°C while the Orbitrap Fusion was working in a positive polarity mode. Full MS survey scan was acquired with a resolution of 1. target of 2 9 10 5 ions within 380-1500 m/z range for maximum injection time of 50 ms. The most intense ions were selected for collision-induced dissociation (CID)-MS 2 with an AGC target of 1.0 9 10 4 and maximum injection time of 50 ms. Mass isolation was taking place in quadruple with an isolation window of 0.7 m/z followed by fragmentation in the linear ion trap with collision energy of 35%. For MS 3 , the top 10 most intense ions were selected with an AGC target of 1.0 9 10 5 and a maximum injection time of 120 ms. The HCD collision energy was 65%, and the Orbitrap was set to a resolution of 60 000 within a scan range of 120-500 m/z. The duty cycle of MS 3 between the full scans was restricted to 3 s.
MS² analysis
Full MS survey scan was acquired with a resolution of 1.2 9 10 5 with an AGC target of 4 9 10 5 ions within 300-2000 m/z range for maximum injection time of 50 ms. The most intense ions were selected for CID-MS 2 with an AGC target of 100 and maximum injection time of 250 ms. Mass isolation was taking place in quadruple with an isolation window of 1.6 m/z followed by fragmentation in the linear ion trap with collision energy of 35%. MS/ MS settings were based on Eliuk et al. (2016) .
Data analysis
All raw files were analyzed using PEAKS Studio 8.0 (Bioinformatics Solutions, Waterloo, Ontario, Canada; Zhang et al., 2012) and searches were performed against the Arabidopsis tair10 protein database (November 2010, 35 386 entries). Oxidation of methionine was set as dynamic modification and carbamidomethylation of cysteines as static modification, while TMT 6-plex modification of peptide N-termini and free lysine residues were considered in the default TMT 6-plex settings. Parent mass tolerance was set to 10.0 ppm and fragment mass tolerance to 0.5 Da for tryptic peptides allowing a maximum of two missed cleavages. For TMT 6-plex-based quantification, we set a quantification mass tolerance to 0.2 Da of the MS 3 reporter ions. Based on resulting TMT values, ratios between different samples were calculated.
For label-free quantification, searches were performed with PEAKS Studio 8.0 against the N. benthamiana protein database from solgenomics.net (March 2015, 57 140 entries; Bombarely et al., 2012) . Oxidation of methionine was set as dynamic modification and carbamidomethylation of cysteines as static modification. Parent mass tolerance was set to 10.0 ppm and fragment mass tolerance to 0.5 Da for tryptic peptides allowing a maximum of two missed cleavages. The MS proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Vizca ıno et al., 2015) partner repository with the data set identifiers PXD007282 and https://doi.org/10.6019/pxd007282. For labelfree quantification, we set a mass error tolerance to 10.0 ppm and retention time shift of 10 min. Based on resulting peak areas, ratios between different samples were calculated.
Plasmid construction and localization
For localization studies, the coding sequences of C2_89 (At1G51570), C2_118 (At1G22610), PELPK1 (At5G09530) and MEE9 (At1G60870) were amplified by polymerase chain reaction (PCR) with their respective primers (Table S3 ). The resulting fragment of C2_118 was cloned into pENTR-D/TOPO vector according to the manufacturer's instructions (Thermo Fisher Scientific) and subsequently recombined into the binary Gateway destination vector pB7WGF2 (Karimi et al., 2002) for N-terminal GFP-fusions, using LR-Clonase (Thermo Fisher Scientific). MEE9 was cloned by the restriction enzymes EcoRI and BamH1 (Thermo Fisher Scientific) followed by ligation into the binary destination vector pRB35S-MCS-tagRFP. PELPK1 and C2_89 were cloned by In-Fusion Cloning (Clontech, Mountain View, CA, USA) into their respective binary destination vectors pRB35S-MCS-GFP and pRB35S-GFP-MCS. The binary vectors were based on the pRB35S vector (Bartetzko et al., 2009) , and fluorophore sequences of eGFP and tagRFP were amplified from templates of pK7WGF2 (Karimi et al., 2002) and pGWB660 (Nakamura et al., 2010) with its respective primers (Table S3 ) and ligated into the pRB35S backbone.
Final constructs were transformed and transiently expressed as described previously (Kraner et al., 2017) . For MEE9-GFP expression under its native promoter, we PCR-amplified the fragment of the chromosome 1 position 22407778 to 22410224 (2446 bp). This genomic fragment begins 1934 bp before the translation start codon, and includes promoter, 5 0 UTR, introns and exons. This respective MEE9 genomic sequence was cloned by In-Fusion Cloning (Clontech, Mountain View, CA, USA) into the SacI and BamHI digested binary destination vector pRB-MCS-GFP. Stable A. thaliana lines were obtained by the floral dip transformation (Clough and Bent, 1998) . The T2 generation of MEE9:MEE9-GFP-expressing plants were used for subcellular localization experiments. CLSM analysis was performed on a Leica TCS SP5 II (Leica Microsystems; Wetzlar, Germany), with aniline blue fluorochrome purchased from Biosupplies Australia, by using the previously described settings (Kraner et al., 2017) .
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